As a family of post-transcriptional regulator of gene expression, the microRNAs (miRNAs) control a wide array of biological processes including cell differentiation, proliferation and apoptosis, and the dysregulation of miRNAs is a hallmark of cancer. Here, we found that the was at a high-expression level in human gastric adenocarcinoma cell line MGC803 and human gastric cancer tissues. The results of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide and colony formation assays showed that miR-191 could promote cell growth and suppress apoptosis of MGC803 cells. The N-deacetylase/N-sulfotransferase 1 (NDST1) was confirmed to be a direct target gene of miR-191 by enhanced green fluorescent protein reporter experiment. The mRNA and protein levels of NDST1 were inversely correlated with miR-191 in MGC803 cells, suggesting the negative regulation of NDST1 by miR-191. Furthermore, NDST1 played an inhibitory role and could suppress MGC803 cell proliferation. Our findings suggested that miR-191 could act as an oncogene in MGC803 cells, and the cellular function was partially due to its negative regulation of NDST1.
Introduction
Gastric cancer is the second most common cause of cancer death worldwide [1] , and adenocarcinoma is the most common form of gastric cancer. Gastric adenocarcinoma, which occupies 95% of the gastric malignant tumor, is derived from the gastric epithelium mucosal cells. Multiple factors are involved in the development of gastric carcinogenesis, including the changes of many oncogenes and tumor suppressor genes [2, 3] . Recently, the classical tumorassociated genes have been expanded to a family of RNAs known as microRNAs (miRNAs), for the reason that miRNAs may regulate a large number of protein-coding genes, including cancer-related genes. MiRNAs are a class of 22 nt non-coding RNAs that regulate the expression of target genes by interacting with complementary sites in the 3 0 untranslated region (3 0 UTR) of the target mRNAs [4] . MiRNAs can regulate various physiological and developmental processes, including cancer initiation and progression. Until now, a series of miRNAs have been found to be involved in several kinds of cancers such as prostatic cancer [5] and gastric cancer [6] , and they may help to improve the diagnosis and therapeutic of these deadly disease [7] . On one hand, the miR-650 targets inhibitor of growth family member 4 and promotes tumorigenesis and proliferation of gastric cancer cells [8] . MiR-9 and miR-23a also act as oncogenes in gastric cancer by targeting the nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 and interleukin 6 receptor, respectively [9, 10] . In human ovarian cancer cells, miR-20a could promote proliferation and invasion by targeting amyloid precursor protein [11] . On the other hand, the miR-148b could target the cholecystokinin B receptor and suppress gastric cancer cell growth [12] . The miR-101 has an inhibitory role in gastric cancer proliferation, migration, and invasion [13] . MiR-34b and miR-34c are found to be tumor suppressors frequently silenced by DNA methylation in gastric cancer [14] . Furthermore, genetic variations in miRNA genes were found to be associated with pancreatic cancer [15] .
MiR-191 is found to be associated with some malignant tumors, such as ovarian cancer [16] and male breast cancer [17] . MiR-191 is also differentially expressed in T regulatory cells of Type 1 diabetic patients [18] . In this study, we found that miR-191 could promote cell growth and suppress apoptosis in human gastric cancer cell line MGC803. The N-deacetylase/N-sulfotransferase 1 (NDST1), whose expression level was inversely correlated with miR-191, was found to be a direct target gene of miR-191. Given that NDST1 could inhibit MGC803 cell proliferation, we confirmed that miR-191 exhibits a promotive effect by targeting NDST1 in MGC803 human gastric cancer cells.
Materials and Methods
Human gastric tissue samples, cell culture, transfection, and RNA extraction Ten pairs of human gastric adenocarcinoma tissues and matched normal gastric tissues were obtained from Tianjin Medical University Cancer Hospital with patients' informed consent. All the samples were flash-frozen in liquid nitrogen and stored at 2808C until use. Human gastric adenocarcinoma cell line MGC803 and human gastric epithelial cell line GES-1 were both maintained in RPMI-1640 medium (Invitrogen, Carlsbad, USA). The medium was supplemented with 10% fetal bovine serum, 100 IU/ml of penicillin and 100 mg/ml of streptomycin. Cells were cultured at 378C in a humidified atmosphere containing 5% CO 2 . Transfection was performed using Lipofectamine 2000 reagent (Invitrogen) following the manufacturer's instructions. RNA extraction of cells or tissue samples was performed with the mirVana miRNA isolation kit (Ambion, Austin, USA) according to the manufacturer's instructions. Large RNA (.200 nt) and small RNA (,200 nt) were separated and purified.
Vector construction
To construct the miR-191 expression vector, a 463-bp DNA fragment containing primary miR-191 was amplified by polymerase chain reaction (PCR) from human genomic DNA using the following primers: pri-miR-191-S, 5 0 -CGGAATTCGAGCGTCTTGTTCCCTCTAGACTC-3 0 , and pri-miR-191-AS, 5
0 -GCAGACTCGAGGGAGTCACT ACCATTGCAG-3 0 . The amplified fragment was cloned into the EcoRI and XhoI sites of pcDNA3.1(þ) (Invitrogen). The newly constructed vector was designated as pcDNA3/pri-miR-191.
To construct the enhanced green fluorescent protein (EGFP) reporter vectors, the 3 0 UTR of NDST1 containing the miR-191 binding site was amplified by PCR from human cDNA library using the following primers: NDST1-S, 5 0 -CGAGGATCCGAGCAATACTCTGTGGAG-3 0 and NDST1-AS, 5 0 -CGGAATTCACATATGGCAGCGAATA CTGAG-3 0 . The amplified fragment was cloned into EGFP expression vector pcDNA3/EGFP at the BamHI and EcoRI sites downstream of the EGFP coding region. Additionally, five nucleotides at the miR-191 seed sequence binding site of the NDST1 3 0 UTR were mutated by site-directed mutagenesis. Primers used for site-directed mutagenesis included: NDST1-UTR-MS, 5 0 -GCAGAG GTCCTTAGCCTACCCAGCTGCTC-3 0 and NDST1-UTR-MAS, 5
0 -GAGCAGCTGGGTAGGCTAAGGACCTCTGC-3 0 . The fragment of mutated 3 0 UTR was similarly cloned into pcDNA3/EGFP at the same restriction sites.
To construct NDST1 expression vector, we amplified the coding sequence of NDST1 from human cDNA library using the following two primers: NDST1-S, To detect the expression level of NDST1, a cDNA library was generated by oligo(dT) primer with 2 mg of the large RNA. The cDNA was used for the amplification of NDST1 gene, and the b-actin gene was used as an endogenous control. PCR was performed under the following conditions: 948C for 4 min followed by 40 cycles of 948C for 30 s, 568C for 30 s, and 728C for 30 s. PCR primers were as follows: NDST1-S and NDST1-AS were the same with the primers that constructed the expression vector; b-actin sense, 5
0 -CGTGACATTAAGGAGAAG CTG-3 0 ; and b-actin antisense, 5 0 -CTAGAAGCATTT GCGGTGGAC-3 0 . For the qRT-PCR, SYBR Premix Ex Taq TM Kit (TaKaRa, Dalian, China) was used following the manufacturer's instructions, and the real-time PCR was performed and analyzed by an iQ5 real-time PCR detection system (Bio-Rad, Hercules, USA).
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and colony formation assays MGC803 cells were plated and transfected in 96-well plates. Forty-eight hours after transfection, the MTT was added into cells at a final concentration of 0.5 mg/ml. After incubation at 378C for another 4 h, the medium was removed, and the precipitated formazan was dissolved in 100 ml DMSO. After shaking for 20 min, the absorbance at 490 nm was detected using mQuant Universal Microplate Spectrophotometer (Bio-tek Instruments, Winooski USA).
The transfected MGC803 cells were seeded for colony formation assay in 12-well plates at 100 cells per well. During colony growth, the culture medium was replaced for every 3 days. At the seventh day after seeding, colonies were stained with crystal violet and photographed. The colony was counted only if it contained .50 cells.
Apoptosis detection
For apoptotic study, MGC803 cells were stained with Annexin V and 7-amino-actinomycin D using ApoScreen Annexin V Apoptosis Kit (Southern Biotech, Birmingham, USA) as instructed by the manufacturer. The stained cells were analyzed using a flow cytometer (Beckman Coulter, Pasadena, USA).
Bioinformatics
The target genes of miRNA were predicted by the following two computer-aided algorithms: TargetScan Release 5.1 (http://www.targetscan.org) and MicroCosm V5 (http:// www.ebi.ac.uk/enright-srv/microcosm/cgi-bin/targets/v5/ search.pl).
EGFP reporter assay
For EGFP reporter assay, MGC803 cells were plated in 48-well plates and transfected with the EGFP reporter vectors along with the miR-191 expression vector or the miR-191 blockage known as antisense oligonucleotides (ASO). An accordant amount of red fluorescence protein (RFP) expression vector pDsRed2-N1 (Clontech, Mountain View, USA) was co-transfected into each group to be used for normalization. At 48 h post-transfection, cells were lyzed with ratio immunoprecipitation assay lysis buffer [RIPA lysis buffer, 50 mM Tris-HCl pH 7.2, 150 mM NaCl, 1% Triton X-100, 0.1% sodium dodecyl sulfate (SDS)], and total proteins were harvested. The intensity of EGFP and RFP fluorescence was detected with a fluorescence spectrophotometer F-4500 (Hitachi, Tokyo, Japan).
Western blot assay MGC803 cells were transfected for 72 h, then the cells were lyzed with RIPA lysis buffer and proteins were harvested. Proteins were resolved on an SDS denatured polyacrylamide gel, and then transferred onto a nitrocellulose membrane. The antibodies against NDST1 or glyceraldehydes-3-phosphate dehydrogenase (Saier Inc., Tianjin, China) were incubated with the membrane overnight at 48C. Membranes were washed and incubated with horseradish peroxidase conjugated secondary antibody (Saier Inc.). Protein expression was assessed by enhanced chemiluminescence and exposure to chemiluminescent film. LabWorks TM image acquisition and analysis software (UVP) were used to quantify band intensities.
Statistical analysis
All the experiments were carried out in triplicate. Quantitative values were expressed as means + SD, and statistical analysis utilized two-tailed Student's t-test. Statistical significance was set as P , 0.05.
Results
MiR-191 had a high-expression level and could promote proliferation and suppress apoptosis in MGC803 cells In malignant cells, the dysregulated miRNAs may have effects on cell phenotypes. Using qRT-PCR, we found that the expression level of miR-191 in MGC803 human gastric adenocarcinoma cell line was higher than that in GES-1 human gastric epithelial cells [ Fig. 1(A) ]. Next, we used miR-191 ectopic expression vector pcDNA3/ pri-miR-191 and 2 0 -O methyl modified miR-191 ASO (miR-191 ASO) to alter the miR-191 level in MGC803 cells [ Fig. 1(B) ]. The results of MTT assay showed that overexpression of miR-191 led to an increased growth activity, while block of miR-191 resulted in growth suppression [ Fig. 1(C) ]. The colony formation activity of MGC803 cells with altered miR-191 showed the similar trend [ Fig. 1(D) ]. Moreover, the apoptosis of MGC803 cells was also regulated by miR-191, where miR-191 could reduce cell apoptosis rate [ Fig. 1(E) ]. These data demonstrated that miR-191 could promote cell proliferation and suppress apoptosis of MGC803 cells.
NDST1 was a direct target gene of miR-191 in MGC803 cells
To study the mechanism of the affected cell phenotypes, we sought to identify the candidate target genes of miR-191 that could help mediate miR-191-related proliferative regulation in MGC803 cells. It is known that the 2-8 nt of miRNA, known as the 'seed region', is suggested to be the most important region for target recognition [20] . With the help of target prediction bioinformatics, we identified NDST1 as a candidate target gene of Fig. 2(B) ]. These findings suggested that miR-191 could directly bind to the 3 0 UTR of NDST1, supporting that NDST1 was a direct target gene of miR-191.
NDST1 expression level was inversely correlated with miR-191
Usually, miRNAs could suppress the expression of target genes through translational repression. A large number of miRNAs could also produce their effects through degradation of the targets' transcripts [21, 22] . To assess whether miR-191 had a functional role in the down-regulation of endogenous NDST1 expression, we detected the miR-191 and NDST1 levels in 10 pairs of human gastric cancer tissues and paired normal gastric tissues. We found that miR-191 showed higher level, while NDST1 showed lower level in gastric cancer tissues compared with that in the normal tissues [ Fig. 3(A) ]. We also detected the NDST1 mRNA level and protein level in MGC803 cells with altered miR-191 level. As a result, we found that the endogenous NDST1 also showed opposite trend to the miR-191 level, both on mRNA level [ Fig. 3(B) ] and protein level [ Fig. 3(C) ]. These data indicated that miR-191 could negatively regulate the endogenous NDST1 expression in MGC803 cells, supporting that NDST1 was a direct target gene of miR-191.
NDST1 could suppress MGC803 cell proliferation
We hypothesized that as a downstream effector of miR-191, NDST1 expression may be down-regulated in MGC803 cells that expressed high level of miR-191, which could contribute to high proliferative activity of MGC803 cells. To confirm this, we used NDST1 ectopic expression vector to enhance its function, and used a siRNA expression vector to produce NDST1-specified siRNA to suppress its expression [ Fig. 4(A) ]. The results showed that NDST1 could suppress the proliferation activity of MGC803 cells detected by both the MTT and colony formation assays [ Fig. 4(B,C) ], supporting that the cellular effects of miR-191 were associated with its target MiR-191 targets NDST1 in MGC803 cells gene NDST1. Interestingly, we did not detect the effect of NDST1 on apoptosis of MGC803 cells (data not shown). We presumed that miR-191 had an alternative pathway to regulate apoptosis in MGC803 cells.
Discussion miRNAs are involved in a variety of cellular activities by negatively regulating specific target genes, and approximately one-third of human genes are believed to be miRNA targets [23] . The identification of tumor-specific miRNAs and their target genes seems to be crucial to validate the molecular mechanism in tumorgenesis. has been reported to be involved in some malignant tumors [16, 17] . Here, we demonstrated the relation of miR-191, NDST1, and MGC803 cell proliferation. First, miR-191 had a high-expression level in human gastric adenocarcinoma cell line MGC803 and human gastric cancer tissues, suggesting its potential oncogenic activity. Ectopic expression or knockdown of miR-191 could promote or suppress MGC803 cell proliferation, respectively, in both cell proliferative and independent growth activities. Also, miR-191 could reduce the ratio of apoptotic MGC803 cells, further supporting its oncogenic role in gastric cancer cells. Second, in MGC803 cells, miR-191 could directly regulate NDST1 gene. The NDST1 3 0 UTR bears an active binding site of miR-191 according to the EGFP reporter assay. In the EGFP reporter experiment, the EGFP expression level with the wild-type NDST1 3 0 UTR showed an inverse correlation with miR-191 level. The interaction of miR-191 and NDST1 3 0 UTR was specific, because the EGFP reporter vector carrying the mutated NDST1 3 0 UTRs (with substitution of five nucleotides within the miR-191 binding sites) was not affected by the alteration of miR-191. These results supported the direct and negative regulation of NDST1 by miR-191. Third, NDST1 could suppress MGC803 cell proliferation, which showed an opposite effect with miR-191. Thus, we concluded that miR-191 acted as an oncogene in MGC803 cells, and the regulative activity was, at least in part, due to the direct regulation of its target gene NDST1. Interestingly, overexpression of NDST1 did not obviously enhance the Heparan sulfate (HS) proteoglycans are ubiquitous components of cell surfaces and are also present in the extracellular matrix, predominantly in basement membranes [24] . Through interactions with proteins, especially with growth factors and cytokines, they act as co-receptors for signaling complexes and have important and vital functions during embryonic development [25] and in adult physiology [26] . During the biosynthesis of HS, the NDST enzymes are believed to have a key role in designing the sulfation pattern, and then influence the HS structure [27] . Among the four vertebrate NDSTs, NDST1, and NDST2 have broad expression patterns and are found in most cell types and tissues during embryonic development and adult life, whereas NDST3 and NDST4 have a much more restricted expression pattern [28] . NDST1 deficiency has been reported to cause an overall reduction in HS, then resulted in decreased binding of fibroblast growth factor to mammary epithelial cells, and blocked the development of lobuloalveolar in mice [29] . Deletion of NDST1 in mice could also inhibit pathological angiogenesis, resulting in smaller tumors and reduced microvascular density and branching [30] . In our study, the NDST1 exhibited an inhibitory role in MGC803 gastric cancer cell growth, and its expression was directly and negatively regulated by miR-191. The cellular effects of oncogenic miR-191 in Figure 4 NDST1 could suppress MGC803 cell growth (A) NDST1 was overexpressed by the vector pcDNA3/NDST1 (NDST1) or was inhibited by the siRNA expression vector pSilencer/si-NDST1 (si-NDST1), and the protein level of NDST1 was detected by western blot assay. The GAPDH was used as the endogenous normalizer. (B and C) MGC803 cells were transfected with pcDNA3/NDST1 (NDST1) or pSilencer/si-NDST1 (si-NDST1) vectors, and cell growth activity was detected by MTT assay (B) and colony formation assay (C) (NC, negative control for NDST1 expression vector; si-NC, negative control for si-NDST1 vector; control, no-transfection group; *P , 0.05).
MiR-191 targets NDST1 in MGC803 cells
MGC803 cells may be partially explained by its suppression of NDST1 expression. The mechanisms of NDST1 function and its interaction with HS in MGC803 cells are still need to be elucidated in the further study.
Collectively, we found that miR-191 could promote growth of MGC803 cells. NDST1, which played an inhibitory role in MGC803 cells, was a direct and functional target gene of miR-191. It is worthwhile to further define the mechanisms whereby NDST1 inhibits MGC803 cell growth, and to explore NDST1 as a therapeutic target to improve the outcome of gastric cancer.
